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X-2 ZHAO ET AL.: BOUNCE- AND MLT-AVERAGED DIFFUSION COEFFICIENTS

Abstract.  Local acceleration via whistler wave and particle interaction
plays a significant role in particle dynamics in the radiation belt. In this work
we explore gyro-resonant wave-particle interaction and quasi-linear diffusion
in different magnetic field configurations related to the March 17 2013 storm.
We consider the Earth’s magnetic dipole field as a reference, and compare
the results against non-dipole field configurations corresponding to quiet and
stormy conditions. The latter are obtained with RAM-SCB, a code that mod-
els the Earth’s ring current and provides a realistic modeling of the Earth’s
magnetic field. By applying quasi-linear theory, the bounce- and MLT-averaged
electron pitch angle, mixed term and energy diffusion coefficients are calcu-
lated for each magnetic field configuration. For radiation belt (~ 1 MeV) and
ring current (~ 100 keV) electrons, it is shown that at some MLTs the bounce-
averaged diffusion coefficients become rather insensitive to the details of the
magnetic field configuration, while at other MLTs storm conditions can ex-
pand the range of equatorial pitch angles where gyro-resonant diffusion oc-
curs and significantly enhance the diffusion rates. When MLT average is per-
formed at drift shell L = 4.25 (a good approximation to drift average),
the diffusion coefficients become quite independent of the magnetic field con-
figuration for relativistic electrons, while the opposite is true for lower en-
ergy electrons.

These results suggest that, at least for the 17 March 2013 storm and for
L < 4.25, the commonly adopted dipole approximation of the Earth’s mag-

netic field can be safely used for radiation belt electrons, while a realistic mod-
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» eling of the magnetic field configuration is necessary to describe adequately

» the diffusion rates of ring current electrons.
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1. Introduction

Resonant interaction between charged particles and plasma waves plays an important
role in the description of energetic particle dynamics of the ring current and outer radi-
ation belt [Gendrin, R, 2001; Jordanova et al., 2001; Shprits et al., 2008; Thorne et al.,
2005, 2010]. Wave-particle cyclotron resonance with wave frequency well below the par-
ticle gyrofrequency can cause pitch angle diffusion and lead to particle precipitation as
particles enter into the atmosphere [Jordanova et al., 2008]. Quasi-linear and nonlinear
cyclotron resonance with EMIC waves has been suggested to account for the rapid loss of
radiation belts electrons [Lyons et al., 1972; Bortnik et al., 2006; Millan and Thorne, 2007]
and ring current ions [Cornwall et al., 1970; Jordanova et al., 2001; Zhu et al., 2012; Su
et al., 2012]. On the other hand, wave-particle cyclotron resonance with wave frequency
greater or comparable to the particle gyrofrequency, or wave-particle Landau resonance
with any wave frequency, can induce significant energy diffusion [Summers, 2005]. Among
the various waves that can lead to gyro-resonant wave-particle interaction, the whistler-
mode chorus waves (often existing in two distinct frequency bands [Burtis and Helliwell,
1976] above and below one half of the local electron gyrofrequency) are an important
candidate to drive electron acceleration. Recent studies provide observational evidence
indicating that low energy particles can be accelerated to relativistic energies by chorus
waves [Horne et al., 2005a; Shprits et al., 2006b; Thorne et al., 2013]. Especially strong
acceleration effects by chorus waves during nonstorm times were observed by Van Allen
Probes [Su et al., 2013, 2014], causing a potential threat to spacecraft and human activi-

ties in space. Thus, understanding the energetic particle dynamics is an essential task for
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ring current and radiation belt research aimed at predicting the near-Earth environment
and protecting space assets.

The standard model for energetic particle dynamics in the radiation belt stems from a
Fokker-Planck diffusion equation in pitch angle, energy and drift shell coordinates. The
pitch angle, energy and mixed term diffusion coefficients are normally estimated in the
framework of quasi-linear theory. Historically, a general analysis of quasi-linear velocity
space diffusion has been first given by [Kennel and Engelmann, 1966]. This general
quasi-linear formulation is suitable for any modes of weak turbulence in a uniform, static
magnetic field. Furthermore, an estimation of the diffusion coefficients resulting from
gyro-resonant interaction of electrons with whistler waves was given by [Lyons, 1974a, b],
where a Gaussian wave spectrum was specified. Summers [2005] derived a relativistic
diffusion equation and calculated the diffusion coefficients for first order gyro-resonant
interaction of particles with field-aligned whistler waves.

Starting from the Fokker-Planck equation and the related diffusion coefficients in a static
magnetic field, bounce averaging can be performed in order to account for the magnetic
field line geometry. This has been done by several authors in the context of a dipole ap-
proximation of the Earth’s magnetic field [Lyons et al., 1971, 1972; Shprits et al., 2006; Li
et al., 2007]. However, recent work by Orlova and collaborators [Orlova et al., 2010, 2012]
compared bounce-averaged diffusion coefficients for a dipole magnetic field versus those
obtained by the Tsyganenko 89¢ magnetic field model [ T'syganenko et at., 1989] for quiet
and stormy conditions. This work shows that the details of the magnetic field configura-

tion can be quite different from a dipole during storms, resulting in significant differences
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in the gyro-resonant diffusion coefficients. It also highlights the importance of the realistic
modeling of the magnetic field to calculate the diffusion coefficients accurately.

In this study, we perform an analysis of the role of the magnetic field geometry in
determining the pitch angle, energy and mixed diffusion rates for the March 17 2013 storm,
where the Van Allen Probes observed very rapid electron acceleration up to several MeV
within 12 hours [Baker et al., 2014; Li et al., 2014; Xiao et al., 2014]. Unlike Orlova and
collaborators [Orlova et al., 2010, 2012], the magnetic field geometry is obtained by the
ring current-atmosphere interactions model with a self-consistent magnetic field (RAM-
SCB) [Jordanova et al., 2006, 2010; Zaharia et al., 2006]. We investigate two geomagnetic
conditions, a) quiet (UT=4, prior to the storm) and b) stormy (UT=8, after storm onset).
RAM-SCB models the ring current population inside geosynchronous orbit and obtains
a more realistic magnetic field configuration self-consistently with the anisotropic plasma
pressure. Interestingly, our results show that, at least for the March 17 2013 storm, MLT-
and bounce-averaged diffusion coefficients (computed at L = 4.25, where MLT average is
a good approximation to drift average) for relativistic MeV electrons tend to be consistent
at three differents magnetic field geometries and a dipole field approximation can be safely
used. On the other hand, for electrons with lower energies (~ 100 keV) typical of the ring
current population, the details of the magnetic field are important and storm conditions
tend to enhance the diffusion rates at large equatorial pitch angles.

The paper is organized as follows. In section 2, we briefly discuss the RAM-SCB sim-
ulations and the quiet and stormy magnetic field configurations at L = 4.25 and L = 6
that are used in this study, together with a dipole field approximation. In section 3, we

introduce the bounce averaging procedure to calculate the pitch angle, momentum and
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mixed diffusion coefficients along a general magnetic field line for whistler wave parallel
propagation. We also discuss MLT average and drift average at L = 4.25. In section 4,
we compare the bounce-averaged pitch angle diffusion coefficients at L = 6 and reproduce
some of the results obtained by Orlova et al. [2010]. This comparison serves mostly as
benchmark for our numerical procedure. In section 5, we compare the bounce-averaged
diffusion coefficients at L = 4.25 for various electron energies, equatorial pitch angles and

MLTs, and also perform MLT average. Conclusions are drawn in section 6.

2. Magnetic field configurations obtained from RAM-SCB

The kinetic ring current model RAM-SCB provides the external magnetic field, which
is self-consistently computed in three dimensions with the anisotropic ring current plasma
pressure. The internal magnetic field is obtained from the International Geomagnetic
Reference Field (IGRF) model [Maus et al., 2005]. The numerical tracing of magnetic
field lines in the 3D magnetosphere domain follows the algorithm available in the For-
tran library called International Radiation Belt Environment Modeling (IRBEM) library
(http://sourceforge.net /projects/irbem/). With a particular equatorial pitch angle, we
trace the magnetic field lines between two mirror points with a step resolution of 1/10,000
L, where L represents the distance of the point on the magnetic field line crossing the
Earth’s magnetic equator from the center of the Earth. Unlike empirical magnetic field
models that directly provide the magnetic field intensity at any position, to obtain the
RAM-SCB magnetic field at a particular location, we interpolate the magnetic field values
from four neighboring grid points.

We simulate the magnetic storm event that occurred on March 17 2013 using the RAM-

SCB model coupled with the global MHD code BATS-R-US [Yu et al., 2014], to calculate
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the inner magnetospheric configuration needed for the magnetic field tracing at points of
interest for this study. In this initial two-way coupling the MHD code provides plasma
boundary condition for RAM-SCB at geosynchronous orbit, while in return, the MHD
pressure in the inner magnetosphere region is specified by the RAM-SCB pressure. This
alters the global magnetospheric configuration and the field-aligned currents passed to the
ionospheric potential solver [Ridley et al., 2004], which is used to provide the convection
electric field for the ring current particles. RAM-SCB is thus driven by a self-consistent
electric field in addition to its already existing self-consistent magnetic field.

The storm takes place around 6 UT when a CME-driven shock impacts on the mag-
netopause, leading to the rapid development of the ring current and the depression of
geomagnetic fields within a few hours. The storm main phase commences at ~ 6 UT,
reaches minimum ~ —100 nT at ~ 10 UT and the activity continues until ~ 20 UT when
the storm recovery phase begins. Fig. 1(a) shows an example of three magnetic field
tracings: the magnetic field line at L = 4.25 is plotted as a function of magnetic latitude
A on the midnight local time (MLT=24) for storm time (red) at 8 UT and quiet time
(blue) at 4 UT during the above event. A dipole field line is shown in black for reference.
Similarly, three magnetic field tracings are plotted at different MLTs (e.g. MLT = 20,
16, 12, 8, 4) in Fig. 1(b), (c), (d), (e), (f), respectively). The mirror points correspond
to an equatorial pitch angle of ., = 30 degree for this example. In general, we trace the
magnetic field line at different equatorial pitch angles from 5 degree to 87.5 degree with
2.5 degree apart. To compare the magnetic field models applied in Orlova et al. [2010],
we plot another three magnetic field tracings at L shell of 6 at MLLT=24 in Fig. 2. Three

coordinates (x, y, z) describe the magnetic field geometry, with magnetic field latitude
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given by A = arctan (z/4/22 + y?). In the next sections, we will use these magnetic field
configurations to calculate bounce- and MLT-averaged diffusion coefficients, with empha-
sis on the configuration at L = 4.25 where the wave spectrum parameters can be obtained

from observation data from the Van Allen probes.

3. Calculation of bounce- and MLT-averaged diffusion coefficients

In the Earth’s magnetic field, charged particles perform three types of motions: the
gyro-motion around the magnetic field line, trapped motion along the magnetic field line
where particles bounce back and forth between magnetic mirror points and drift motion
around the Earth. There are three adiabatic invariants corresponding to each type of
motion: magnetic moment, angular momentum and magnetic flux. Adiabatic invariance
requires that the change of the magnetic field is much slower than the characteristic
time of the particle motion. Thus, waves with frequency comparable to or exceeding the
particle motion characteristic frequency will break the related adiabatic invariant and
this can lead to particle diffusion. This is the case for whistler chorus, plasmaspheric
hiss and electromagnetic ion cyclotron waves that can cause pitch angle scattering and
energy diffusion via gyro-resonant wave-particle interaction. In particular, whistler-mode
energy diffusion was able to produce realistic electron fluxes in the slot region for the 2003
Halloween storm [Horne et al., 2005a; Shprits et al., 2006b]. Lower ULF frequencies are
instead responsible for radial (cross L) diffusion [Ozeke et al., 2014; Mathie et al., 2000;
Mann et al., 2012].

It is conventional to model the evolution of the distribution function of relativistic

electrons in the framework of quasi-linear theory [Kennel and Engelmann, 1966]. For a
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straight magnetic field configuration, this leads to a Fokker-Planck diffusion equation

of 1 0 of 1 0 of 10 (,,. Of 10 P
= = — | D - — (D Dop=— |+=—=— |p°D
Ot  sinada ( aaSlnaaa)+sinaaa ( psmaap)+ P2 p (p 0o +p 2 0p

(1)
written in terms of pitch angle o and relativistic momentum p, where D,,, D,, and

D,,, are diffusion coefficients. For first order gyro-resonant wave-particle interaction the

diffusion coefficients have been calculated by [Summers, 2005]. For whistler waves, one

has N
Do = "t iRO_Myjoﬁsa) |F' (2, 5)] ()’ 2
2y NE, +1)2 — dz|Bcosa— F(x;,y;)] ‘ '
Doy _ 7l sina iR(l—W”‘) Ferile, ey
Zer _ T 210 ~Le \
2v° " BB, +1)2 & dxlfeosa— Flzj,y5)]

Dpp _ 71 sinfa R|F(z;,y;)| <xj)2 ()
o T 5 Q — e ox . 4
| ’ﬁ 2B, +1 )Z;Mﬁ Y\, (4)

where F,, is the dimensionless particle kinetic energy, E, = E/(m.c?) (E is the ki-
netic energy, m, is the electron rest mass and ¢ is the speed of light); 8 = v/c =
[E.(E, + 2)]'?/(E, + 1); R = |AB|*>/B?2 is the ratio of the energy density of the
wave magnetic field to that of the background field Bo; z,, = win/|Qe|, 02 = dw/|Q|,

= merf [(wye — wie) /20w], |Qe| = e|By|/(mec) is the electron gyrofrequency and

F(z,y) = dx/dy is determined by the whistler mode wave dispersion relation

Lo () ooy ®

where wye = /41 Nge? /m, is the plasma frequency, © = w/|Q.|,y = ck/|Q|, € = m./m,,

(my, is the proton mass), w is the wave frequency, k is wave number, and Nj is the electron

density. Furthermore x; and y; satisfy the gyro-resonant condition

1
r— —
,y

= 6
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with v = 1/4/1 — (2 the relativistic factor. In the derivation of Egs. (2), (3) and (4), it
is assumed that the wave power spectral density follows a Gaussian distribution peaked
at w,, with semi-bandwidth dw and limited to the frequency band w;. < w < wy., with
Wi = (Wie + Wye) /2 and 40w = wye — wie. Once the basic wave information (w,,, dw,
|ABJ?/B3) and particle parameters (« and E) are defined, the diffusion coefficients can
be easily calculated via Egs. (2), (3) and (4).

In order to account for a more realistic magnetic field geometry, the next step is to
perform an average of the diffusion coefficients just discussed over the particle bounce
motion between mirror points. For instance, the general pitch angle diffusion coefficient

in a non-dipolar magnetic field has been given by Lyons (1971,1972).

Dt =+ [ Dt (%) = 2 [ D) (%) L

T o T Jo cosa’

where subscript ba indicates bounce average and ., is the equatorial pitch angle of a

particle, v is the magnitude of the particle velocity, 7, = % 5512 stsa

is the electron bounce
period and the temporal integral has been converted into an integral over the distance
s along a given field line. For a general magnetic field line parametrized by r(\), the

element of distance along a field line can be written as

as= 1/ (2) 4 r2an (8)
S = (9)\ T s

leading to the following bounce-averaged diffusion coefficients:

2 an teq 2 T 2
(Dun(en) f>\/\1 Do, M) (ttana()\)) sec a(A)y/ (g—)\) + r2d\ o)
aa\Qeq))py = )
f):\f sec a(\) (%)2 + r2d\

f):\f D,y ) sec a(X)y/ (g—f\)Q + r2d\ (10

<Dpp(aeq)>ba = N 5 )
f)\f sec a(\) (%) + r2d)\
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A2 tan ae r\2
D, (a, A Lseca(A)r/ (25) + r2dA
Jxi seca(N) (%) + r2d\

with \; and Ay the magnetic latitudes corresponding to the two mirror points (north and

south side) on each magnetic field line. Note that the magnetic field is three dimensional
and we integrate the element of distance ds point by point along a field line in our numer-
ical calculation. In the following sections, we will use the magnetic field configurations
obtained numerically from RAM-SCB for the numerical evaluation of the bounce-averaged
diffusion coefficients given by Eqgs. (9), (10) and (11). The bounce-averaged diffusion co-
efficients for a dipole field will be used to compare and contrast against those obtained
from the more realistic magnetic field geometry from RAM-SCB.

In addition to bounce average, we also perform MLT average, i.e. the arithmetic average
of the diffusion coefficients over the different MLTs. We do this only for the data at
L = 4.25 and note that in this case the MLT average is a good approximation to the drift
average, i.e. the average over the drift orbit, for both the quiet and storm inhomogeneous
magnetic field configurations considered in this paper. Indeed, we have traced electron
drift orbits in the magnetic field configuration corresponding to storm conditions (no
electric field) starting at L = 4.25 on the nightside (MLT=24) for various initial equatorial
pitch angles, following the procedure outlined in Roederer and Zhang [2014]. We find that
drift orbits are reasonably well approximated by a circle and that the change in equatorial
pitch angle during the orbit (to satisfy the conservation of magnetic moment) is quite
small. For instance, for initial a., = 10°, 50°, 80° the electron position on the dayside
(MLT=12) is L ~ 4.1, 4.3, 4.5 (consistent with the results of Roederer and Zhang [2014])

and the maximum change in equatorial pitch angle over the orbit is Aae, < 3°, 8°,3°.
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These results indicate that MLT average and drift average are reasonably close in this

case. Of course, the two are exactly equivalent in the case of a dipole field.

4. Benchmarking our numerical procedure: Calculation of D,, at L = 6

In this section we will discuss the numerical results for the calculation of the bounce-
averaged diffusion coefficients for the three magnetic field configurations corresponding to
L =6 (shown in Fig. 2). This case was analyzed in Orlova et al. [2010], where the effect
of the magnetic field geometry on the diffusion rates was investigated. Specifically, Orlova
et al. [2010] compared a dipole magnetic field with a magnetic field configuration given by
the Tsyganenko 89¢ model [Tsyganenko et at., 1989] for quiet (K, = 2) and storm-time
(K, = 6) conditions. These results will serve as benchmark for our numerical solution of
Eq. (9). In Sec. 5 we will extend the calculation of the diffusion coefficients (including
energy and mixed terms) at L = 4.25, where the wave parameters are different.

We use the statistical trough plasma density model [Sheeley et al., 2001] and assume that
plasma density is constant along the field line based on the statistical study of Denton et al.
[2006]. The wave frequency parameters are dependent on the equatorial gyrofrequency
2.4, consistent with observations indicating that chorus waves are generated near the
equator. The wave spectrum parameters (on the nightside) are taken as wy,, = 0.35{),,
dw = 0.158¢,, wie = 0.058, and w,,. = 0.6582, following Horne et al. [2005]. In addition,
we assume that the whistler waves are confined to magnetic latitude |A\| < 15° from the
magnetic equator [Horne et al., 2005; Li et al., 2007; Orlova et al., 2010]. The wave
amplitude is assumed constant for all magnetic latitudes, with AB = 100 pT. Finally, we
consider the interaction of whistler waves with relativistic electrons with energy £ = 1

MeV.
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By inserting the above wave and particle parameters into Eq. (2), we obtain the local
pitch angle diffusion coefficient D, and then calculate its bounce average through Eq.
(9) for the dipole and the non-dipolar magnetic field configurations, respectively. For
convenience, in the following we will use the terms 'RAM-SCB quiet’ and '/RAM-SCB
storm’ to refer to the (non-dipolar) magnetic field configurations obtained from RAM-
SCB prior (UT=4) and after (UT=8) the storm onset. In Fig 3, we plot the bounce-
averaged pitch angle diffusion coefficient as a function of equatorial pitch angle. The
black, blue and red lines correspond to the dipole field, RAM-SCB quiet and RAM-SCB
storm respectively, all for MLT=24. The dipole magnetic field approximation leads to a
non-zero diffusion coefficient only between 52° < o, < 90°, while for RAM-SCB quiet
this occurs for 27° < gy < 90°. RAM-SCB storm leads to a non-zero (Daq(eq)),, for
the whole interval considered in Fig. 3, i.e. 5° < ¢ < 90°. One can see that the
bounce-averaged diffusion coefficient for RAM-SCB storm dominates at small equatorial
pitch angles o, < 40°. On the other hand, at intermediate equatorial pitch angles
40° < aeq < 60°, < Daa(teq) >ba is bigger for RAM-SCB quiet. At large pitch angles

60° < g < 85°% the dipole field produces the largest < D, >pq, although all

eq)
three cases converge to similar values when the equatorial pitch angle is near 90°. These
results are very similar to those of Fig. 1 in Orlova et al. [2010] where the calculation
of the bounce-averaged pitchangle diffusion coefficients were based on a Tsyganenko 89
model. This is not surprising, since RAM-SCB uses the Tsyganenko 89 model as boundary
condition for the magnetic field at the geosynchronous (L = 6.6) orbit for this simulation.

They also confirm the importance of the magnetic field geometry in determining the

diffusion rates, relative to the commonly adopted dipole field approximation.
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In order to understand the differences in scattering rates for these three magnetic field
configurations, we follow [Orlova et al., 2010] and plot in Fig. 4 the local diffusion rates
as function of latitude along the magnetic field line for each model in Fig. 2. In this figure
the wave field is present at all latitudes (i.e. it is not limited to |A| < 15°) and we vary the
equatorial pitch angle between 5° < a,, < 85°. In general, for each a., diffusion occurs
mostly at larger latitudes and over a rather narrow latitude range. Comparing the different
plots in Fig. 4, one can see the latitude range where wave-particle resonance (hence
diffusion) occurs: for the dipole field the largest latitude range is between —39° < A < 39°,
while we have —32° < A < 32° for RAM-SCB quiet and —22° < \ < 22° for RAM-SCB
storm. From Fig. 4(a), it is easy to see why resonant diffusion occurs only for a,, > 50° for
the dipole field when the wave field is limited to |A| < 15°: when ., < 50° wave-particle
resonances occur only at larger latitudes, where the wave field is zero. Similarly, resonant
diffusions occur only for a., > 30° for quiet conditions [Fig. 4(b)] and for ae, > 5° for
storm conditions [Fig. 4(c)] when the wave field is limited to |A| < 15°. These results on
the local wave-particle resonance are consistent with the bounce-averaged wave-particle
resonance shown in Fig. 3. In addition, Fig. 4(b) and Fig. 4(c) we note that the local
diffusion coefficients show some north-south asymmetry in quiet and storm conditions.
This is a consequence of the magnetic field lines described by RAM-SCB, which can be
not symmetric in quiet and storm conditions. This asymmetry is more evident at larger

equatorial pitch angles.

5. Calculation of the bounce- and MLT-averaged diffusion coefficients D,,,

D.p, and D,, at L = 4.25
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5.1. Calculation of bounce-averaged pitch angle diffusion coefficients

(Daa(0teq))y, at L = 4.25

In order to compare with the results at L = 6, we begin by calculating the bounce-
averaged pitch angle diffusion coefficient at L = 4.25. The parameters of whistler waves
and plasma at different MLT are listed in Table 1. We have adapted these from the global
chorus wave model developed by Li et al. [2014] based on direct observations from the
EMFISIS instrument on the Van Allen Probes and inferred from POES measurements.
In Table 1, |A| is the wave latitudinal extension where the chorus waves are confined, n.
is the electron density, and we choose an average chorus wave amplitude (B,,) = 100 pT
for all MLTs.

For each of the three magnetic field configurations shown for various MLTs (e.g. MLT
= 24, 20, 16, 12, 8 and 4) in Fig. 1, we insert the wave and density parameters into Eq.
(9) and obtain the bounce-averaged pitch angle diffusion coefficients (Daq),, at L = 4.25
for each MLT. The diffusion coefficients are plotted in Figs. 5 and 6, for electron energy
E =1 MeV and E = 100 keV, respectively, as a function of equatorial pitch angle a,.
For £ =1 MeV, we note that (D,,),, at nightside MLT = 24, 20, 4 [Fig. 5(a), (b), (f)]
have big differences at low and intermediate equatorial pitch angles, similarly to what has

been discussed for L = 6. On the other hand, the values of (D,,),, at dayside MLT =

16, 12, 8 [Fig. 5(c), (d), (e)] are almost the same for all the magnetic field configurations
that were considered. Note also that for a., < 40°, (Daa),, is orders of magnitude larger
at MLT=12 and MLT=16 than at other MLTs.

The case for electron energy F = 100 keV plotted in Fig. 6 shows some differences

relative to £ = 1 MeV. For dayside MLT=16, 12 and 8, there is a reasonable agreement
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on (Daa)y, for all magnetic field configurations except that the bounce-averaged pitch
angle diffusion coefficient for storm conditions can be up to a factor of three larger than
that for a dipole at larger equatorial pitch angles. For nightside MLT=24, 20 and 4, one
can notice large discrepancy at large cap,: for storm conditions the range of equatorial
pitch angles with non-zero (Dq,),, widens, and there is a range of ae, where the value
of (Dga)y, can be an order of magnitude higher than that for a dipole field. In general,
the values of (Daa),, are much larger for E = 100 keV than for relativistic electrons with

E =1 MeV for all MLTs at a,, < 60°.

5.2. Calculation of the MLT-averaged diffusion coefficients Dy, Doy and Dy,
Next, we perform MLT average of (Dyq),, and plot the results in Fig. 7 for electron en-
ergies I/ = 100 keV and E' = 1 MeV. We recall that MLT average is a good approximation
to drift average at L = 4.25, as discussed in Sec. 3.
For E =1 MeV, Fig. 7 (b) shows that the MLT-averaged pitch angle diffusion coef-
ficient is quite independent on the magnetic field configuration. This is because at large
equatorial pitch angles all the magnetic field configurations produce rather similar values

of (Daa)y,, while at low equatorial pitch angles the drift average is dominated by the

ba’
values at MLT=12 and 16 (see Fig. 5). Thus, for relativistic particles the effect of the
magnetic field geometry is limited and the dipole field approximation adopted for instance
in Li et al. [2014] is a good approximation. On the other hand, Fig. 7 (a) shows that
the details of the magnetic field configuration are very important for particles with lower
energy, even after MLT-averaging. For ' = 100 keV, one can see that storm conditions

lead to a wider range of pitch angle scattering and that the MLT-averaged diffusion co-

efficient in storm conditions is at least a factor of three larger than that obtained for the
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dipole field when a,, > 60°. Thus, for the lower energy particle typical of the ring current
population, the dipole field approximation can be inadequate.

We now extend the calculation of the diffusion coefficients to mixed and momentum
diffusion terms. We use the same parameters in Table 1 and perform MLT average of
Egs. (10) and (11). Figures 8 and 9 show the MLT-averaged mixed and momentum
diffusion coefficients for electrons with energy £ = 100 keV and ' = 1 MeV, respectively.
The same trend of Fig. 7 also occurs in Figs. 8 and 9: for £ = 1 MeV electrons, the
diffusion coefficient is rather insensitive to the details of the magnetic field configuration.
On the other hand, for £ = 100 keV diffusion is enhanced in storm conditions and there
are big differences (above a factor of three) relative to the dipole configuration at large
equatorial pitch angles 65° < ¢y < 80°.

Figures 10 show pitch angle, momentum and mixed term diffusion coefficients as a
function of the equatorial pitch angle a., and the electron kinetic energy £ from 100 keV to
10 MeV for the dipole configuration, RAM-SCB storm and RAM-SCB quiet, respectively.
Although it is somewhat hard to discern the detailed differences of the three figures, in
general the diffusion coefficients peak at intermediate equatorial pitch angles (40° < ., <
60°) over the energy range considered. In addition, for energy above 1 MeV, the diffusion
coefficients are very similar for the three magnetic field configurations. However, at lower
energy range 100 keV< E <1 MeV, the diffusion coefficients show significant differences,
with resonant diffusion occurring at higher equatorial pitch angles in storm conditions
relative to the other two cases. Comparing the three diffusion coefficients, one can see

that the pitch angle scattering rate is the biggest while the momentum diffusion coefficient
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is the smallest. The cross term diffusion coefficients are bigger or at least comparable to
the momentum ones and can contribute to energy diffusion as well.

In our calculation, we assumed the whistler wave propagation along the magnetic field
line up to |[A\| = 15 degree. Only the first order cyclotron wave-particle resonances
(n = £1) were considered. However, for oblique whistler wave-particle resonance, higher
resonant harmonics (n = £2,43,+4...) also need to be considered. This case has been
discussed in Orlova et al. [2012], which studied on resonant interactions of the outer radi-
ation belt electrons with oblique chorus waves in a realistic magnetic field model (here the
Tsyganenko 2001 storm field model and an internal IGRF model are choosen as realistic
field models in storm and quiet conditions). They showed that higher resonant harmonic
significantly contribute to diffusion coefficients in all three field models on both dayside
and nightside at the intermediate equatorial pitch angles. In addition, they stated that
the bounce-averaged diffusion coefficients are indistinguishable for all three field models
for energies E < 1 MeV at the dayside. On the nightside at L. = 7, the bounce-averaged
scattering computed in the dipole field and those computed in the realistic magnetic fields
can differ by several orders of magnitude. Extension of our procedure to oblique whistler
waves is left for future work.

Finally we conclude this section with a brief discussion of how the bounce-averaged
pitch angle diffusion coefficients change with wave intensity and plasma density assuming
a fixed magnetic field geometry corresponding to quiet, storm and dipole magnetic field
configurations that we obtained before at L = 4.25 and MLT=24. We focus on £ = 1
MeV particles. First of all, the wave intensity enters the formulation of the problem only

through the coefficient R in Eqgs. (2)-(4). It is a quadratic dependence, meaning that if
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the amplitude of the wave-field doubles the diffusion coefficients increase by a factor of
4. Most important, the effects of the wave-field intensity and of magnetic field geometry
are indepedent, therefore the considerations that we made in Secs. 4 and 5 remain com-
pletely valid. Next, we look at how the bounce-averaged diffusion coefficients vary with
electron density, keeping the other parameters fixed (in particular the wave amplitude is
100 pT). We anticipate a more complex dependence of the diffusion coefficients, since the
plasma density enters the whistler wave dispersion relation Eq. (5) non-linearly, and have
therefore calculated it numerically. The results are plotted in Fig. 11, where the electron
density changes from 6.55 x 10°m 72 to 1.31 x 108m 2. In general, the diffusion coefficients
decrease with higher electron density monotonically. Although increasing or decreasing
the density changes the diffusion coefficients by a factor of order unity, the same trend
discussed in Secs. 4 and 5 remains visible in Fig. 11 and the magnetic field geometry
can expand the range of equatorial pitch angles where resonant diffusion occurs. Thus,
the magnetic field geometry is as important as the wave-amplitude and the background

plasma density in controlling the level of resonant diffusion.

6. Conclusions

In this paper we have analyzed the role played by a more realistic magnetic field con-
figuration in determining MLT- and bounce-averaged quasi-linear diffusion rates for gyro-
resonant interaction of inner magnetospheric electrons with field-aligned whistler chorus
waves. In particular, we have focused on the March 17 2013 storm. We modeled this
storm with the RAM-SCB ring current code coupled with the BATS-R-US global magne-
tosphere code. RAM-SCB provides the self-consistent modeling of the magnetic field with

the anisotropic plasma pressure and offers a more realistic magnetic field configuration
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during storms than empirical models. We have selected two magnetic field configurations
from RAM-SCB: the first is for quiet conditions prior to the storm (UT=4) and the other
is for storm conditions after its onset (UT=8). Both configurations have been compared
against a dipole approximation of the Earth’s magnetic field which has been adopted in
several past studies. The parameters for whistler waves and plasma needed for the cal-
culation of the diffusion coefficients are obtained after measurements from the Van Allen
Probes.

We have compared bounce-averaged pitch angle diffusion coefficients for the three mag-
netic field configurations at L = 6. Essentially we have reproduced some of the results
of Orlova et al. [2010], thus verifying our numerical procedure for calculating bounce-
averaged diffusion coefficients.

We have then focused on the comparison at L = 4.25, analyzing gyro-resonant diffusion
for 100 keV and 1 MeV electrons at various MLTs. For bounce-averaged pitch angle
diffusion, both energies exhibit ranges in MLT (~ 8 — 16, dayside) where storm, quiet
and dipole magnetic field configurations produce rather similar (within a factor of two)
rates, and ranges (MLT=~ 20 — 4, nightside) where there are significant differences due to
differences in the magnetic field configuration. The latter are both in terms of the range in
equatorial pitch angle where resonant diffusion can occur and in terms of magnitude of the
diffusion coefficient (with discrepancies up to a factor five-ten). Specifically, for 1 MeV
electrons, storm conditions favor pitch angle scattering at low values of the equatorial
pitch angle, while the opposite is true for 100 keV electrons. However, we show that
when MLT average is performed (which, at L = 4.25, is a good approximation to drift

average), pitch angle scattering becomes insensitive to the magnetic field configuration
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for relativistic electron energies. This is not the case for lower electron energy, where the
MLT-averaged pitch angle diffusion coefficients maintain that storm conditions enhance
pitch angle scattering at large equatorial pitch angles. Similar trends also occur for mixed
and momentum diffusion coefficients, although these coefficients are comparatively smaller
than D,,.

Our results suggest that, at least for the March 17 2013 storm and L < 4.25, a dipole
approximation of the Earth’s magnetic field can be safely adopted for the modeling of
relativistic MeV electrons. Such approximation, however, is inadequate for ring current
electrons in the 100 keV range and a realistic magnetic field model is required. Future work
will study how these differences in diffusion coefficients induced by a realistic modeling of

the magnetic field translate into electron fluxes for the ring current and radiation belt.
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Figure 1. Magnetic field magnitude along the field line versus magnetic latitude at L = 4.25
obtained by RAM-SCB modeling of the 17 March 2013 storm for nightside storm (red line,
UT=8) and quiet (blue line, UT=4) conditions. A dipole magnetic field is also plotted (black
line). The mirror points correspond to an equatorial pitch angle of a,, = 30 degree. Figures (a)

to (e) correspond to MLT= 24, 20, 16, 12, 08, 04, respectively.
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Figure 2. Magnetic field magnitude along the field line versus magnetic latitude at L = 6

obtained by RAM-SCB modeling of the 17 March 2013 storm for nightside storm (red line,

UT=8) and quiet (blue line, UT=4) conditions. A dipole magnetic field is also plotted (black

line). The mirror points correspond to an equatorial pitch angle of a., = 30 degree.

Table 1. Wave spectrum and plasma parameters at L.=4.25, for various magnetic local times

(MLTs).

DRAFT

Win/Qe 0w/ [N ne(em™) < B, > (pT)
04 MLT 0.25 0.1 < 10° 9.3 100
08 MLT 0.23 0.1 < 15° 9.5 100
12MTL  0.21 0.08 < 45° 13.5 100
16MTL 0.2 0.08 < 45° 17.4 100
20MLT 0.2 0.06 < 25° 17.2 100
24MLT  0.22 0.08 < 10° 13.1 100
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Figure 3. Bounce-averaged pitch angle diffusion coefficients as a function of equatorial pitch
angle, computed at L = 6. The black line corresponds to the dipole field, the blue line is for
the magnetic field obtained from RAM-SCB for quiet conditions and the red line is for storm

conditions.
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Figure 4. The local pitch angle diffusion coefficients versus magnetic latitude along the field
line for different equatorial pitch angles and for the dipole magnetic field (a) and the RAM-SCB

magnetic field for quiet (b) and storm (c) condtions.
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Figure 5. Bounce-averaged pitch angle diffusion coefficients as a function of equatorial pitch
angle, computed at L = 4.25 for electron energy E = 1 MeV. The black line is for the dipole
magnetic field, the blue line is for the RAM-SCB magnetic field for quiet conditions and the red
line is for the RAM-SCB magnetic field for storm conditions. Figures (a) to (f) correspond to

MLT=24, 20, 16, 12, 08, 04, respectively.
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Bounce-averaged pitch angle diffusion coefficients as a function of equatorial pitch

angle, computed at L = 4.25 for electron energy E = 100 keV. The black line is for the dipole

magnetic field, the blue line is for the RAM-SCB magnetic field for quiet conditions and the red

line is for the RAM-SCB magnetic field for storm conditions. Figures (a) to (f) correspond to

MLT=24, 20, 16, 12, 08, 04, respectively.
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Figure 7. MLT-averaged pitch angle diffusion coefficients as a function of equatorial pitch

angle: (a) corresponds to the electron energy E = 100 keV and (b) is for E = 1 MeV, respectively.
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Figure 8. MLT-averaged mixed term diffusion coefficients as a function of equatorial pitch

angle: (a) corresponds to the electron energy F = 100 keV and (b) is for £ = 1 MeV, respectively.
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Figure 9. MLT-averaged momentum diffusion coefficients as a function of equatorial pitch

angle: (a) corresponds to the electron energy E = 100 keV and (b) is for £ = 1 MeV, respectively.
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Figure 10. MLT-averaged pitch angle, energy and mixed term diffusion coefficients as a funtion

of equatorial pitch angle (ce,) and electron energy (E) at L = 4.25 for three magnetic field

configurations: dipole magnetic field, RAM-SCB magnetic field for quiet and storm conditions.

DRAFT February 1, 2015, 4:40pm DRAFT



X -40 ZHAO ET AL.: BOUNCE- AND MLT-AVERAGED DIFFUSION COEFFICIENTS

Dipole,L=4.25,E=1MeV,MLT=24 Quiet,L=4.25,E=1MeV,MLT=24 Storm,L=4.25,E=1MeV,MLT=24

1 0_:3 . 5 T T T 1 0_3 . 5 T T T ] 10_3 B — T T
i n=6.55e6m"’ n=6.55e6m™ ] n=6.55e6m"’
f|—n=1.31e7m™ —n=1.31e7m™® ] [[—n=1.31e7m™
| —n=2.62e7m™ —n=2.62e7m™ i [|—n=2.62e7m™
n=3.93e7m=> n=3.93e7m 1 [|—n=3.93e7m™
_,|[—n=6.55e7m™ —n=6.5567m™> 1 10™ | —n=6.55e7m™ E
10 " —n=1.31e8m™ 3 —n=1.31e8m™° —n=1.31e8m™
E -4
10 ¢ !
10° ¢ 1
1 0_5 £ 3
T 107 1 .
2 10°F 4
Vl o
k] i
1 076 E ! ’/‘\\c,- ’A‘;
r @ =
2 q
<] v 7
S 10 ¢ E!
9 10° 1
107} E
1 0_8 E E
107F 4
8
10 |
: 107° & 9
1 0‘9 | | | | 1 0‘8 | | | | 1 0‘10 | | |
40 5 0 7 80 90 40 5 0 7 80 90 20 40 0 80 100
I(—_Jquatorizﬁ pitch ang% aeq,deg If—_)quatorigl pitch ang% aeq,deg Equatorial pitc% angle aeq,deg

Figure 11. Bounce-averaged pitch angle diffusion coefficients changes for different electron

density and storm, quiet and dipole magnetic field configurations.
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